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ABSTRACT: A number of ruthenium(II) and rhenium(I)
bipyridine complexes functionalized with lipoic acid moieties have
been synthesized and characterized. Functionalization of gold
nanoparticles with these chromophoric ruthenium(II) and
rhenium(I) complexes has resulted in interesting supramolecular
assemblies with Förster resonance energy transfer (FRET)
properties that could be modulated via esterase hydrolysis. The
luminescence of the metal complex chromophores was turned on
upon cleavage of the ester bond linkage by esterase to reduce the
efficiency of FRET quenching. The prepared nanoassembly
conjugates have been characterized by transmission electron microscopy (TEM), energy-dispersive X-ray analysis (EDX),
Fourier transform infrared spectroscopy (FTIR), dynamic light scattering (DLS), UV−visible spectroscopy, and emission
spectroscopy. The quenching mechanism has also been studied by transient absorption and time-resolved emission decay
measurements. The FRET efficiencies were found to vary with the nature of the chromophores and the length of the spacer
between the donor (transition metal complexes) and the acceptor (gold nanoparticles).
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■ INTRODUCTION

Over the past two decades, there has been a significant interest
in the study of Förster resonance energy transfer (FRET),
which has been proved to be an important strategy for the
applications in molecular and supramolecular photophysics,1−4

biology,5−10 and molecular devices.11−18 Such an energy
transfer mechanism can provide more valuable information
on the response of the interactions between the donor and the
acceptor under external perturbations. Because this process is
strongly distance- and orientation-dependent, the efficiency and
the rate of energy transfer can be modified mutually by
variation of the spacer distance or simply by cleavage of the
linker. In recent years, some ratiometric fluorescent sensors
based on FRET have been developed for protease sensing.6,19,20

Recently, we demonstrated that the determination of the
enzymatic activity of esterase can be realized via a simple
bimolecular system based on the intramolecular energy transfer
mechanism for the recovery of the 3MLCT emission of
ruthenium(II) complexes and the system has been applied for
the imaging of living HepG2 cells.21

On the other hand, there has been an increasing interest in
the research in applying nanotechnology for creating chemical
and biological sensors due to the unique photophysical
properties and quantum size effect of nanoparticles that are
absent in the macroscopic world.22,23 In particular, gold

nanoparticles (GNPs) have well been known as superb
emission quenchers due to their broad surface plasmon
resonance (SPR) absorption in the UV−visible (UV−vis)
region, and spherical GNPs have been found to quench the
excited state energy of the donor from all orientations.24,25

Apart from these, other advantages of the use of GNPs as a
platform for the design of the system include the ready tuning
of their optical and plasmonic properties by a variation in their
size, shape, and the surrounding environment, their ready and
facile synthesis to give GNPs of high stability, and their ability
to overcome the limitations of FRET for traditional organic
quenchers.26 The detection length scale of molecular donor−
acceptor systems based on FRET is limited by the dipole−
dipole moment, which constrains the Förster radius R0 to the
order of <100 Å. According to the literature,26 the surface
plasmon resonances can enhance the energy transfer rate by an
order of 104−105. The calculated energy transfer distances can
achieve the range of 70−100 nm, which is ∼10 times longer
than the typical Förster distances (R0). The incorporation of
organic dyes with GNPs has been widely exploited as biological
probes.27−33 However, the luminescence lifetime of organic
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Scheme 1. Chemical Structures of Complexes 1−5

Scheme 2. Cartoon Representation of the Corresponding GNP Systems of the Complexes
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dyes is relatively short when compared to that of the transition
metal complexes. Owing to the advantages of the long-lived
luminescence behavior of the triplet state, the large Stokes shift,
and the ready tunability of the emission energies, transition
metal complexes can provide a better control of the spectral
overlap between the emission band of the transition metal
complexes moiety and the SPR band of GNPs, which can
enhance the energy transfer efficiency between them.34,35

However, the coordination of metal complexes onto GNPs is
still relatively less explored and the quenching mechanism
between them are relatively poorly understood.36−40 Inor-
ganic−organic hybrid systems of GNPs functionalized with
transition metal systems are also relatively less explored. As an
extension of our previous work, herein we report the
preparation of water-soluble luminescent ruthenium(II) and
rhenium(I) polypyridine complexes (Scheme 1) and their
functionalized GNPs (Scheme 2) and a “proof-of-principle”
concept for the detection of esterase through a modulation of
the FRET properties. Transient absorption spectroscopy and
time-resolved emission studies have been performed to provide
insights into the quenching mechanism. The length of the
linker between the luminophores and the GNPs has been
varied to study its effect on the quenching efficiency.

■ RESULTS AND DISCUSSION
Synthesis, Characterization, and Photophysical Study

of Complexes. Ruthenium(II) complex 1 and rhenium(I)
complexes 2−5 were synthesized according to the literature
reported procedures with slight modifications.18,41,42 The
identities of all the ligands and complexes were confirmed by
satisfactory 1H NMR spectroscopy, EI or ESI mass spectros-
copy, infrared spectroscopy, and elemental analyses (see
Supporting Information for characterization data and exper-
imental procedures).
The photophysical data of complexes 1−5 were tabulated in

Table 1. The electronic absorption spectrum of ruthenium(II)
complex 1 in buffer solution (Tris-HCl (10 mM, pH 8.0)−
MeOH (95:5 v/v)) showed an intense band at ca. 288 nm,
ascribed to the intraligand (IL) π → π* transition of bipyridine.
The less intense bands at ca. 450 nm are assigned as the spin-
allowed metal-to-ligand charge transfer MLCT[dπ(Ru) →
π*(bpy)] transitions, typical of ruthenium(II) tris-bipyridine
complex systems.43−47 The electronic absorption spectra of the
rhenium(I) complexes, complexes 2−5 in buffer solution
showed intense high-energy absorption bands with molar
extinction coefficients in the order of 104 dm3 mol−1cm−1 at ca.
300 nm, which are assigned as intraligand (IL) π → π*
transitions of the pyridine and bipyridine moieties. The lower
energy absorption bands at ca. 350 nm with molar extinction
coefficients in the order of 103 dm3 mol−1 cm−1 were ascribed

Table 1. Photophysical Data of Complexes 1−5

absorptiona emission

complex λabs/nm (ε/dm3 mol−1 cm−1) medium (T/K) λem/nm (τ0/μs) Φlum
c

1 246 (26445), 256 (23030), 288 sh (64840), 326 (11050), 426 (11315), 456 (13920) buffer (298)a 625 (0.56) 0.05
glass (77)b 585 (4.73), 635 (4.70)

2 251 (18400), 304 (11700), 318 (10800), 346 (4250) buffer (298)a 563 (0.21), 606 (0.21) 0.011
glass (77)b 507 (5.32), 546 (5.31)

3 255 (20335), 291 (29550), 309 (25565), 349 (3465) buffer (298)a 564 (0.19), 610 (0.19) 0.010
glass (77)b 508 (5.31), 547 (5.30)

4 251 (22255), 306 (10800), 320 (11225), 356 (3745) buffer (298)a 564 (0.16), 609 (0.16) 0.021
glass (77)b 510 (5.20), 546 (5.19)

5 250 (23775), 306, (11060)320 (11720), 357 (3700) buffer (298)a 564 (0.15), 607 (0.15) 0.018
glass (77)b 509 (5.18), 547 (5.17)

aIn degassed Tris-HCl (10 mM, pH 8.0)−MeOH (95:5 v/v) at 298 K. bIn EtOH−MeOH (4:1 v/v). cThe luminescence quantum yield, measured
at room temperature using [Ru(bpy)3]Cl2 (for 1) and quinine sulfate (for 2−5) as a standard

Figure 1. (a) TEM image of 1-GNPs. Inset: particle size distribution. (b) EDX spectrum of 1-GNPs.
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to the spin-allowed MLCT[dπ(Re) → π*(bpy)] transitions,
typical of rhenium(I) tricarbonyl diimine complex sys-
tems.18,48−50

Upon excitation of complex 1 at 456 nm in degassed buffer
solution at room temperature, a low-energy emission band at
ca. 625 nm was observed. The large Stokes shift together with
the relatively long radiative lifetime observed were suggestive of
an emissive origin of triplet parentage, derived from the
3MLCT[dπ(Ru) → π*(bpy)] state. The emission energy of the
complex was comparable to those of other ruthenium(II) tris-
bipyridine complex systems.43−47 On the other hand, excitation
of complex 2 in degassed buffer solution at 346 nm at room
temperature gave rise to a long-lived intense emission at ca. 563
nm. The emission band was assigned as originated from excited
states of 3MLCT[dπ(Re) → π*(bpy)] character with some
mixing of intraligand π → π* character.17,18,48−50 The emission
bands for complexes 3−5 were assigned similarly.
Preparation and Characterization of GNPs. DMAP-

capped GNPs have been employed for the incorporation of the
transition metal complexes. The advantages of using DMAP-
capped GNPs are threefold. The first is their water solubility,
which would enable studies in the biological environment.
Second is the lability for exchange with thiolate molecules to
occur. The third is the positive surface charge, which would
prevent the aggregation of the GNPs by the electrostatic
repulsion between the cationic metal complex and the positive

charge of the DMAP capping agent. The functionalized GNPs
were synthesized according to the literature with slight
modifications.51−56

From the TEM image of 1-GNPs (Figure 1a), the average
particle size was 5.4 nm. On the other hand, the size of 2-GNPs
(Figure 2a) was 5.2 nm. By using dynamic light scattering
(DLS), the hydrodynamic diameters of 1-GNPs and 2-GNPs
were 21.4 and 20.4 nm, respectively. The particle size
distributions of the GNPs have also been shown to give
satisfactory dispersity (Supporting Information Figure S1). The
energy-dispersive X-ray (EDX) of 1-GNPs (Figure 1b) and 2-
GNPs (Figure 2b) showed the characteristic peaks of
ruthenium and rhenium, respectively, similar to that of the
reported EDX spectrum of other transition metal complex
functionalized GNPs,57,58 supporting the successful preparation
of 1-GNP and 2-GNPs. FTIR studies of 1-GNPs (Supporting
Information Figure S2) showed the v(CO) stretch, typical of
the ester group of complex 1. Similarly, for 2-GNPs
(Supporting Information Figure S3), the three characteristic
stretches of the carbonyl ligands of complex 2, together with
the v(CO) of the ester linkage, were observable, confirming
the successful attachment of the complexes on the GNPs. By
using the tight packed spherical model of the gold nanoclusters
and thermogravimetric analysis (TGA) studies (Supporting
Information Figure S4−S6),59,60 the surface coverages of
complex 1 and 2 were estimated to be 57% and 71%,
respectively (see ESI for the calculations). The electronic

Figure 2. (a) TEM image of 2-GNPs. Inset: particle size distribution. (b) EDX spectrum of 2-GNPs.

Figure 3. (a) Electronic absorption spectra of complex 1 (− − −), DMAP-GNPs (− - −) and 1-GNPs () in water−MeOH (95:5 v/v). (b)
Electronic absorption spectra complex 2 (− − −), DMAP-GNPs (− - −) and 2-GNPs () in water−MeOH (95:5 v/v).
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absorption spectra (Figure 3) showed characteristic surface
plasmon resonance (SPR) peak maximum of DMAP-GNPs at
520 nm, similar to that reported in the literature.61 For 1-GNPs
(Figure 3a), the absorption maxima at 426 and 456 nm were
found to be the spin-allowed metal-to-ligand charge transfer
(MLCT) bands typical of the attached complex 1, which were
assigned as MLCT[dπ(Ru) → π*(bpy-LA)] transition and

MLCT[dπ(Ru) → π*(bpy)] transition, respectively. For 2-
GNPs, the absorption maxima at 346 nm was assigned as the
MLCT[dπ(Re) → π*(bpy)] transition of the attached complex
2. The physical properties of the modified GNPs are
summarized in Table 2.

Treatment of Esterase. The responses of the GNPs
functionalized with ruthenium(II) and rhenium(I) complexes

Table 2. Physical Properties of the GNPs

average size (nm)
hydrodynamic diameter

(nm) SPR band (nm)
luminescence quantum

yieldb complex loading (%) surface coverage (%)

DMAP-GNPs 4.8 15.2 ± 4.6 520 a 87
1-GNPs 5.4 21.4 ± 12.5 524 0.0056 30.9 57
2-GNPs 5.2 20.4 ± 9.5 523 0.0011 19.2 71
aNonemissive. bThe luminescence quantum yield, measured at room temperature using [Ru(bpy)3]Cl2 (for 1-GNPs) and quinine sulfate (for 2-
GNPs) as a standard

Figure 4. Time-dependent changes in emission spectra of (a) 1-GNPs dispersed in Tris-HCl (10 mM, pH 8.0)−MeOH (95:5 v/v) over 1 h upon
treatment with PLE at 25 °C with excitation wavelength at 456 nm. Inset: plot of relative emission intensity at 625 nm versus time of esterase
treatment. (b) Time-dependent changes in emission spectra of 2-GNPs dispersed in Tris-HCl (10 mM, pH 8.0)−MeOH (95:5 v/v) over 1 h upon
treatment with PLE at 25 °C with excitation wavelength at 346 nm. Inset: plot of relative emission intensity at 563 nm versus time of esterase
treatment.

Figure 5. (a) Transient absorption difference spectra of free complex 1, 1-GNPs, and 1-GNPs after prolonged treatment with esterase. Excitation
laser was at 355 nm and emission signals were monitored at 625 nm. (b) Time-resolved emission decay of free complex 1, 1-GNPs, and 1-GNPs
after prolonged treatment with esterase in Tris-HCl (10 mM, pH 8.0)−MeOH (95:5 v/v). (c) Transient absorption spectra of free complex 2, 2-
GNPs, and 2-GNPs after prolonged treatment with esterase. Excitation laser was at 355 nm and emission signals were monitored at 560 nm. (d)
Time-resolved emission decay of free complex 2, 2-GNPs, and 2-GNPs after prolonged treatment with esterase in Tris-HCl (10 mM, pH 8.0)−
MeOH (95:5 v/v).
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toward porcine liver esterase have been investigated by the
emission spectroscopic method. The hydrolytic cleavage of the
ester linkage between the transition metal−ligand chromo-
phores and the GNPs quencher by the enzymatic activity of
esterase has been monitored by emission studies (Figure 4).
Cleavage of the ester linkage was found to recover the MLCT
luminescence of the chromophore. The electronic absorption
spectra (Supporting Information Figure S7) of 1-GNPs and 2-
GNPs upon treatment with porcine liver esterase (PLE) over
60 min showed that the cleavage of the ester linkage did not
cause an obvious change in the electronic configuration of the
complexes and GNPs. More interestingly, time-dependent
studies on the emission spectral changes of 1-GNPs (Figure 4a)
at 625 nm after treatment with PLE over 1 h have been
performed. The emission intensity was found to increase by
about 2.5-fold over 60 min upon treatment of esterase. A
similar trend could be observed for 2-GNPs (Figure 4b), with
the emission intensity increased by about 4.5-fold from the
initial value. From the control experiments of the free metal
complexes, cleavage of the ester bond by esterase did not lead
to an increase in the emission intensity, confirming that the
increase in emission intensity observed in 1-GNPs and 2-GNPs
was solely a consequence of the release of the GNP quencher
upon treatment with esterase. The slightly more efficient
quenching observed in 2-GNPs than that in 1-GNPs might
probably be attributed to a more efficient spectral overlap
between the emission of Re(I) complex 2 and the SPR
absorption band of GNPs than that of complex 1.62,63

Nonenzymatic base-catalyzed hydrolysis has not been attemp-
ted because the GNPs will suffer from aggregation problems
due to the destabilization by strong bases. The Michaelis−
Menten constant (KM) and maximum reaction rate (Vmax) of
1.78 μM and 0.917 μM min−1, respectively, have been
determined with 1-GNPs system, while a KM and Vmax of
1.17 μM and 1.39 μM min−1 were obtained for 2-GNPs system
(see Figure S8 in the Supporting Information for Michaelis−
Menten plots).
Transient Absorption Studies. Several possible mecha-

nisms have been suggested for the emission quenching by
GNPs, with the most extensively reported ones being a
quenching mechanism dominated by energy transfer from the
chromophore to the GNPs and another by electron transfer
from the attached chromophore to another adjacent mole-
cules.64 To study the quenching mechanism brought about by
the GNPs in detail, nanosecond transient absorption (TA)
measurements have been performed on complexes 1 and 2 and
their corresponding modified nanoparticles before and after
prolonged treatment with esterase in degassed Tris-HCl (10
mM, pH 8.0)−MeOH (95:5 v/v) solution.
The transient absorption difference spectrum of complex 1

featured two absorption peaks at around 395 nm and bleaching
at around 450 nm (Figure 5a). The higher-energy band has
been assigned to the triplet absorption of [RuIII(bpy)2(bpy-
LA− •)]2+*, in accordance with the assignment for related
ruthenium(II) polypyridine complexes reported in the
literature.64 The TA bands showed a monoexponential decay
lifetime of ca. 535 ns. The TA spectrum of 1-GNPs showed a
new band formed at ca. 520 nm and an increase in the
absorption at 308 nm, similar to that of ruthenium(II) attached
GNPs reported by Kamat and co-workers.64 According to the
literature,65 the formation of the new band was ascribed to the
charge transfer product of the one-electron reduced form of
ruthenium(II) complexes, which was suggestive of a charge

transfer process from the adjacent unprotonated DMAP
molecules to the excited ruthenium(II) complex in 1-GNPs.
Upon treatment with esterase, the band at ca. 520 nm was
found to drop in intensity to close to that of free complex 1,
suggesting that after treatment with esterase, the ruthenium(II)
complex would detach from the gold surface. The transient
absorption decay was found to be similar to that of the emission
decay time constant. From the time-resolved emission decay
studies (Figure 5b), the long-lived 3MLCT emission of Ru(II)
complex 1 has been found to change from a monoexponential
decay with τ1 = 535 ns to a biexponential decay with τ1 = 359
ns (72.3%) and a short-lived τ2 = 7.81 ns (27.7%) after
attaching onto the GNPs. The formation of the short-lived
emission component was similar to that reported in the
literature,64 probably due to the occurrence of electron transfer
quenching of excited complex 1 by the adjacent DMAP
molecules. However, unlike previous related studies, the longer-
lived component of the 3MLCT emission decay was shortened
from 535 to 359 ns. A dynamic energy transfer quenching
mechanism might have been involved to shorten the lifetime of
the Ru(II) complex in this case. The shortened luminescence
lifetime is probably due to the short distance between the
chromophores and gold nanoparticles surface. Therefore, the
quenching mechanism of the ruthenium(II) 3MLCT emission
by the gold nanoparticles has been ascribed by a combination
of charge transfer and dynamic energy transfer quenching.
There were several possible reasons for the observed
mechanism to be different from that previously studied.64

First, the distance between the chromophores and the surface
of the GNPs was relatively short when compared to the
literature systems,64 thus FRET may become more favorable.
Second, energy transfer mechanisms would be more favorable
for large GNPs (diameter >5 nm).66 A large fraction of the
prepared GNPs in the current study was found to have rather
large diameters as seen from their size distribution (Figure 1a)
for participation in the energy transfer process. Third, the
surface coverage of the complex on the GNPs could also
determine the efficiency of the electron transfer process
because the DMAP molecules would play an important role
for the quenching process. According to a report by the group
of Murray,67 the photoinduced electron transfer (PET) would
only occur in GNPs with diameter less than 3 nm, which
supported the lack of electron transfer to the GNPs in the
present study (>5 nm). The quenching mechanism has been
further supported by spacer length dependence study (vide
infra). After the treatment with esterase, the luminescence
decay has been found to revert back to τ1 = 505 ns (80.0%) and
a short-lived component τ2 = 8.02 ns (20.0%). The decrease in
the contribution of the short-lived component τ2 and increase
in the contribution of the long-lived component τ1 suggested
that after the cleavage of the ester bond, the electron transfer
quenching by the adjacent DMAP molecules would no longer
exist and the energy transfer efficiency would also be decreased
as a result of the breaking of the linkage. The luminescence
lifetime of the hydrolyzed form of complex 1, [RuII(bpy)2(Me-
bpyCH2OH)]

2+, could not be completely recovered to that of
the free unhydrolyzed complex 1. The reason may probably be
due to the different excited state lifetimes of the unhydrolyzed
and hydrolyzed forms of complex 1 as they are essentially two
different complexes, which cannot have identical excited state
properties, lifetimes, and photoluminescence quantum yields. It
might also be due to the presence of other intermolecular
quenching pathways between the free hydrolyzed complex and
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the gold colloids. Interestingly, the drop of the luminescence
intensity of complex 1 upon attachment to the GNPs was
found to be greater than the corresponding drop in the excited
state lifetime, suggesting that the quenching process did not
only involve dynamic FRET quenching as revealed by excited
state lifetime measurements but also static quenching in the
presence of the GNPs. The occurrence of the SPR band of
GNPs at similar wavelength region as the complex emission
may also give rise to self-absorption or reabsorption
phenomenon that reduces the luminescence intensity.
The TA spectrum of Re(I) complex 2 was characterized by

absorption maxima at 345, 390, and 470 nm (Figure 5c). The
spectrum was typical of tricarbonyl Re(I) polypyridine
complexes of the related [Re(CO)3(bpy)(py)]

+.68,69 The TA
bands showed a similar monoexponential decay lifetime of 207
ns. Upon attachment of complex 2 onto the GNPs, the
transient absorption did not show a significant change, with no
electron transfer products being generated. Different from the
case of Ru(II), the presence of a shorter-lived species was not
obvious. As the luminescence lifetime of complex 2 was found
to be significantly shorter than that of complex 1, it was
believed that the short-lived component could not be readily
resolved from the excited state of the GNP-free complex due to
the closeness of their excited state lifetimes and the limitation
exerted by the laser pulse width (8−10 ns) of the instrument.
From the time-resolved emission decay studies (Figure 5d), the
monoexponential 3MLCT emission lifetime of 2 was found to
drop significantly from 207 to 112 ns after the attachment of 2
onto the GNPs. Such an observation was typical of energy
transfer quenching of the triplet excited state by GNPs,70

suggesting that a dynamic energy transfer quenching
mechanism has occurred. Interestingly, after the treatment
with esterase, the decay lifetime was raised back to 151 ns.
Effect of the Length of the Spacer. To further confirm

the energy transfer quenching mechanism of the GNPs,
complexes 3, 4, and 5 have been synthesized and attached

onto the GNPs to study the effect of the length of the spacer.
Complex 3 contains a rigid linker with broken conjugation by a
−CH2 group in the middle portion of the linker so that the
conjugation would not affect the energy of the emission. The
polyphenylene linker is sufficiently rigid to prevent the close
contact between the chromophore and the GNPs. Figure 6a
shows the time-dependent changes in the emission spectra of 3-
GNPs upon treatment with esterase in buffer solution. The
emission intensity was found to increase by 2.5-fold in 60 min.
When compared to 2-GNPs, the increase in emission intensity
for 3-GNPs occurred to a smaller extent. The much smaller
change was probably due to the poorer efficiency of energy
transfer upon an increase in the spacer length.
For complexes 4 and 5, there are long oligoether chains to

separate the Re(I) chromophore and the gold surface. Although
the oligoether chain is rather flexible, the positive charge on the
Re(I) complexes and the positive charge on the DMAP
molecules on the GNPs would experience electrostatic
repulsion, preventing them from close contact to the GNP
surface. For 4-GNPs, the emission intensity was found to
increase by about 2.5-fold (Figure 6b). Complex 5 has one
−(CH2CH2O) unit more than complex 4, and the emission
intensity of 5-GNPs was found to increase by only about 1.4-
fold (Figure 6c), in line with the increasing length of the
oligoether spacer. Figure 6d showed the Stern−Volmer plots of
the Re(I) complexes functionalized GNPs. The Stern−Volmer
plot of 2-GNPs was found to show a more upward deviation
than that of 3-GNPs, while the plot of 5-GNPs showed an
upward deviation that occurs to a smaller extent than 4-GNPs.
Such strong dependence of quenching efficiency on the length
of the spacer was supportive of a dynamic energy transfer
quenching mechanism, probably via the FRET mechanism.

■ CONCLUSIONS
Transition metal complexes of ruthenium(II) and rhenium(I)
have successfully been functionalized onto the surface of

Figure 6. Time-dependent changes in emission spectra of (a) 3-GNPs, (b) 4-GNPs, and (c) 5-GNPs dispersed in Tris-HCl (10 mM, pH 8.0)−
MeOH (95:5 v/v) over 1 h upon treatment with PLE at 25 °C with excitation wavelength at 346 nm. Inset: plot of relative emission intensity at 564
nm versus time of esterase treatment. (d) The Stern−Volmer plot (concentration of Re(I) complexes hydrolyzed against I/I0) of different
rhenium(I) complexes.
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DMAP capped GNPs without aggregation. The modified gold
nanoparticles have been characterized. The emission intensity
of both ruthenium(II) and rhenium(I) complexes has been
shown to increase by 2.5-fold and 4.5-fold respectively upon
prolonged treatment with esterase due to the release of GNP
quencher upon hydrolysis of the ester linkage. The Ru(II)
complex exhibited less emission recovery than the Re(I)
complex as a result of the poorer spectral overlap between the
Ru(II) complex and the SPR of the GNPs than that of the
Re(I) complex. By studying the transient absorption and time-
resolved emission decay of the free complexes, their modified
GNPs, as well as the corresponding GNPs after treatment with
esterase, the quenching mechanism in 1-GNPs has been
suggested to consist of a combination of charge transfer and
dynamic energy transfer pathways while dynamic energy
transfer was found to be the predominant quenching pathway
in the 2-GNP system. The energy transfer efficiency of the
Re(I) modified GNPs has been found to be strongly dependent
on the distance between the donor and the acceptor. A Förster
resonance energy transfer (FRET) mechanism has been
proposed for the observed dynamic energy transfer. It was
believed that the present work has demonstrated a “proof-of-
principle” assay method for the detection of esterase based on
the FRET quenching of GNP-functionalized Ru(II) and Re(I)
complexes. More importantly, this work has provided guiding
principles for the modulation of FRET behavior via esterase
hydrolysis and for the future design of novel inorganic−organic
hybrids for molecular recognition and functions.
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